Wind turbine icing represents the most significant threat to the integrity of wind turbines in cold weather. Advancing the technology for safe and efficient wind turbine operation in atmospheric icing conditions requires the development of innovative, effective anti-/de-icing strategies tailored for wind turbine icing mitigation and protection. Doing so requires a keen understanding of the underlying physics of complicated thermal flow phenomena pertinent to wind turbine icing phenomena, both for the icing itself as well as for the water runback along contaminated surfaces of wind turbine blades. In the present study, an experimental investigation was conducted to characterize the surface wind-driven water film/rivulet flows over a NACA 0012 airfoil in order to elucidate the underlying physics of the transient surface water transport behavior pertinent to wind turbine icing phenomena. The experimental study was conducted in an icing research wind tunnel available at Aerospace Engineering Department of Iowa State University. A novel digital image projection (DIP) measurement system was developed and applied to achieve quantitative measurements of the thickness distributions of the surface water film/rivulet flow at different test conditions. The measurement results reveal clearly that, after impinged on the leading edge of the NACA0012 airfoil, the micro-sized water droplets would coalesce to form a thin water film in the region near the leading edge of the airfoil. The formation of rivulets was found to be time-dependent process and relies on the initial water runback flow structure. The width and the spacing of the water rivulets were found to decrease monotonically with the increasing wind speed. The film thickness icing scaling law is evaluated by the time-average measurement film thickness. The measurement results show good consistent with the analytical scaling predictions.
INTRODUCTION
It has been found that wind turbine icing causes a variety of problems to the safe and efficient operations of wind turbines. Ice accretion on turbine blades will result in decreasing lift and increasing drag. A light icing event such as frost can produce enough surface roughness to reduce aerodynamic efficiency considerably, which results in wind turbine power reduction (Laakso et al. 2005) . The annual power loss due to icing is typically in the range of 20-50% at harsh sites (Talhaug et al. 2005 ). In the case of extreme icing, it may not be possible to start the turbine with subsequent loss of all possible production for quite long periods of time -resulting in significant energy loss (Laakso et al., 2003) .
There are three types of atmospheric icing relate to wind turbine: in-cloud, precipitation and frost (Parent and Llinca, 2011) . The in cloud icing is due to the supercooled water droplets impinging and subsequent icing in the surface of the turbine blade. The in cloud icing can be further subdivided into rime icing and glaze icing. In a dry regime, all the water collected in the impingement area freezes on impact to form rime ice. For a wet regime, only a fraction of the collected water freezes in the impingement area to form glaze ice and the remaining water runs back and can freeze outside the impingement area. Glaze is the most dangerous type of ice. Water beads, rivulets and film flows run back along the blade surface during glaze icing condition (Olsen and Walker, 1986) . The behaviors of surface water run back flows will redistribute the impinging water mass and disturb the local flow filed, as a result, influence the icing accretion process and aerodynamic characteristics of the turbine. Because of its wet nature, glaze ice form much more complicated shapes which are difficult to accurately predict (Fortin and Perron, 2009) . In this work, Experimental investigation was conduct to quantify important micro-physical process of water runback on airfoil surface which is pertinent to wind turbine icing.
Wind-driven water thin films over airfoil surface and flat plate have been studied both theoretically and experimentally.
Theoretical study on water film over flat plate by Nelson (1995) provides steady smooth film thickness solution which increases along stream direction. Feo (2001) and Rothmayer (2003) suggest a scaling law that relates steady film thickness with Reynolds number and Liquid Water Content. The wave generation of wind-driven liquid films over flat plate has been examined for small disturbance (Craik, 1966 , Miesen et al., 1995 , Ueno and Farzaneh, 2011 . Tsao et al (1997) investigate the stability of thin film over airfoil surface. In those works, water-air interface becomes unstable and surface wave arise under certain film thickness condition. Boundary layer theories were developed to describe the more complex interfacial waves on thin liquid films Tsao, 2000, Rothmayer et al., 2002) . The formation of local roughness and water beads were observed during airfoil icing tests (Olsen and Walker, 1987, Anderson et al., 1998) . The incipient motions of water beads and film flows over roughness have been examined by Rothmayer (Rothmayer and Tsao, 2001 , Wang and Rothmayer, 2009 . The mechanism of initial roughness formation underneath wet surface is considered as the instability effect of ice surface (Otta and Hu, 2012) . Spray water airfoil test at NASA Lewis (Glenn) research center revealed that the water runback flow on airfoil can be divided into fully wetted film flow range and partly wetted rivulets range (Gelder and Lewis, 1951) . A number of studies have been done to model the formation of rivulets (Al-Khalil et al., 1990 , Thompson and Jang, 1996 , Tompson and Marrochello, 1999 , Marshall and Ettema, 2004 .
Current experimental investigations about surface water flows over aerodynamic shapes generally illustrate the macro water flow phenomena by analyzing videos taken in the experiments (Hansman and Barsotti. 1985 , Hansman and Anthony. 1987 , Olsen and Walker. 1987 , Thompson and Jang, 1996 . The important micro-physical processes such as film thickness distribution, contact line moving velocity and wet surface area cannot be well revealed in those experiments. Advanced experimental techniques capable of providing accurate measurements to reveal the micro-transient phenomenon of surface water behavior like film thickness, wavy surface structure, rivulet width, and contact angle and rivulet front speed are highly desired.
In the present study, a digital image projection (DIP) system is developed to achieve non-intrusive thickness measurements of wind-driven water droplet/rivulet flows over a NACA0012 airfoil in order to elucidate the mechanisms of the unsteady surface water transport process pertinent to icing and rain phenomena. The DIP technique is based on the principle of structured light triangulation in a similar manner as a stereo vision system but replacing one of the cameras for stereo imaging with a digital projector. The digital projector projects line patterns of known characteristics onto the test specimen (i.e., a water droplet/rivulet on a test plate for the present study). The pattern of the lines is modulated from the surface of the test object. By comparing the modulated pattern and a reference image, the 3D profile of the test object with respect to the reference plane (i.e., the thickness distribution of the water droplet/rivulet flow) can be retrieved quantitatively and instantaneously. The fundamental principles and more details of the technique including image correlation algorithm, displacement to height calibration procedure, accuracy verification and sample measurements about wind-driven film flow over flat plate were described in Zhang et al., (2013) .
In the following sections, section 2 describes the complete experiment set up for measurements of wind-driven thin water rivulet/film flows over NACA 0012 airfoil surface. Section 3 shows water film/rivulet thickness measurement results. The transient process of developing water runback flow is revealed. Average film thickness is obtained and agrees with theoretical analysis. Section 4 presents conclusion remarks. Figure 1 illustrates the schematic of the experiment setup for the thickness measurement of thin water rivulet/film flows over NACA 0012 airfoil surface. The experiments were performed in ISU-Goodrich Icing Research Tunnel (IGIRT). The wind tunnel has a plexiglass test section with cross section dimension of 25.4×25.4cm (W×H). Three internal mix air atomization nozzles are installed in the upstream of the tunnel contract section. Pressure regulators were used to control the spray nozzle's air and water supply incoming pressure. The spray water flow rate was monitored by a flow meter (Omega FLR1010ST-D). The Liquid Water Content (LWC) and droplet Mean Volume Diameter (MVD) can be controlled by adjusting the spray nozzle water pressure and air supply pressure. In order to avoid spray water beads blocking the light paths of camera and projector, only two of the spray nozzles were used to generate cloud of spray water droplets. The spray air supply pressure and spray water supply pressure for the nozzle are 45 and 20 psi respectively. A small amount of flat white latex paint (1% volume fraction) was added into spray water for enhancing the diffusive reflection on the liquid surface. A NACA0012 airfoil model with chord length c=101mm was installed in the center of the test section. The model was 3D printed by rapid prototyping machine. To improve the diffuse reflectivity of the model surface, the test model was coated with flat white paint. The painted surface of the test model was carefully sanded. In present study, all experiments were conducted with zero angle of attack (AOA=0 º ) at room temperature. Five different wind speeds 10m/s, 15m/s, 20m/s, 25m/s and 30m/s (Re=0. The DIP system set up is generally the same as our previous experiments (Zhang et al 2013) . Dell DLP projector (M109S) was used to project grid cross line to the airfoil model. A CCD camera (DMKBU2104) with a Pentax C1614-M lens (F/1.4, f=16mm) were used for image acquisition. The CCD camera and the projector were synchronized by a digital delay generator. Camera speed is set to 30FPS with 2ms exposure time. For each measurement, 1200 images (60S) were recorded after the spray nozzle was active. The field of view of the CCD camera is approximately 11cm×8cm. The projected grid size on the captured image is 7×7 pixels (1.1×1.1mm), which is also the interrogation window size for cross correlation calculation. The relative location of camera and projector was aligned along the span wise direction to suppress the mirror reflection of film/rivulet surface and avoid fake cross-line displacement due to the curvature surface of the model. Figure 2 shows the typical reference and deformed displacement images. The pictures of projected cross grid pattern on the airfoil model surface were used as reference images, as shown in Fig. 2(a) . Compare with flat plate substrate, the grid crosses were pre-bended. 
EXPERIMENT SET UP

RESULTS AND DISCUSSION
Initial developing process of water runback flow over an airfoil surface Figure 3 -5 shows the time history results of thickness measurement of thin film and rivulet flows under wind speed from U  =10m/s to U  =20m/s. Seen from Fig. 3 to Fig. 5 , DIP measurement system successfully characterized the whole process of water surface flows. The global structure of rivulet flows were well reconstructed, especially the irregular saw tooth like shape. Rivulets' fronts, rivulets' width, interfacial waves on the rivulets surface were clearly indicated. The results demonstrate the robustness and feasibility of DIP measurement system. The uniform film flow thickness near the leading edge region is well detected as well. However, the film thickness close to stagnation line is the same level of the typical background measurement error (0.1 pixel displacement in the raw picture or 20 micrometer), the accuracy of the measurement need to be verified. Note that these measurements were conducted with camera field of view cover the whole airfoil. Better measurement accuracy might be achieved by refined level of measurement windows that focus on the nose region of the airfoil. In the following section, the procedure of airfoil water run back flow, the mechanism of formation of rivulet flow and scaling laws pertinent to leading edge film thickness and will be discussed in details. Figure 3 to Fig. 5 illuminate the water runback flow procedure under different free stream wind speeds. As displayed in Fig. 3 , under low wind speed condition (i.e., U  =10m/s), the spray water will generate several tiny rivulets near the airfoil leading edge at the initial spray stage ( Fig. 3(a) ). Then the impinging droplets wet the whole surface and form uniform water film within direct impinging range. At the same time, those tiny rivulet fronts merge with each other as they flow downstream. A uniform film flow front that shows a hump shape was detected ( Fig. 3(b) ). As the film flow further flow downstream, surface waves appear and the film front become unsteady and display saw tooth shape. At certain point the film fronts edge break into rivulets ( Fig. 3(c) ). After rivulets flow down to the tail of the airfoil, the wetness area of the airfoil is stable and do not change any more ( Fig. 3(d) ). For higher wind speed cases (i.e., U  =20m/s), tiny rivulets appear and merge with each other at the initial spray stage (Fig. 5(a), and Fig. 5(b) ). However spray water tend to flow into the rivulet paths. No wave crest shape film front is generated. Finally, the runback flow exhibits uniform film flow at front of airfoil surface and rivulets flow beyond film flow range ( Fig. 5(d) ). The water runback flow behavior under wind speed U  =15m/s can be consider as an internal process between U  =10m/s and U  =20m/s. The film flow front is more irregular with small breakout shapes which display rivulet feature (Fig. 4(b) ). The runback flow behavior is very similar for wind speed U  >20m/s, the flow phenomenon of U  =20m/s can represents the flow phenomenon of U  =25m/s and U  =30m/s.
The surface water behavior is controlled by surface tension, aerodynamic shear stress and pressure force. Notice that tiny rivulets appear near the airfoil leading edge for all of the wind speeds. This phenomenon is consistent with Olsen and Walker's observations of above freezing temperature condition experiments (Olsen and Walker, 1987) . According to Olsen and Walker's experiments, the impinging water will first form water beads. When the water beads grows large enough, the aerodynamic force overcome the surface tension force and water beads flow downstream along airfoil surface. Ueno and Farzaneh demonstrated the vertical and horizontal air shear stress force is negligible compare with surface tension under wind speed U  = 5m/s (Ueno and Farzaneh, 2011) . Near the stagnation line, the local wind speed is very small. As a result, even free stream wind speed is large, static water beads still form near the stagnation line and generate tiny rivulets after they grow large enough. Those tiny rivulets/beads and their subsequent icing might cause local ice thickness raise. Otta and Rothmayer confirmed that a local increase in ice height leads to more cooling from the airflow and cause fast icing at that point (Otta and Rothmayer, 2009) . So the tiny rivulets could be the start point of icing instability. Morency et al., (1999) presented the collection efficiency experiment results of 2D NACA 0012 airfoil with 0.9144m of chord. The experiment is performed with free stream velocity 44.4m/s, angle of attack 0º and spray droplets mean volume diameter MVD=20µm. The results show the collection efficiency β is smaller than 0.1 outside the location of wrap distance 2%c. Similar numerical simulation result were presented by Da-Silveira et al. (2003) . Papadakis et al., (1994) gave out collection efficiency coefficient experiment result of a swept wing with NACA 0012 airfoil cross section. The area of collection efficiency β>0.25 is about within wrap distance S<3%c range. The relative higher collection efficiency range is very narrow with impinging limit less than 20% of chord length. The thicknesses of the initial rivulets are decreasing after they flow in to low collection efficiency range. The skin friction significantly decreases along the chord length as well (suppose no turbulence transition at the initial spray stage). Under low wind speed condition, those rivulets will stagnate at certain location x s on the upper surface of the airfoil (around 10% chord length). Meanwhile, the tiny rivulets will continuously generate and flow to the stagnation line. By this way, water accumulates near the stagnation line and form hump shape film front (Fig. 3(b) and Fig. 4(b) ). The sum of local pressure difference and aerodynamic shear stress exceeds the local surface tension restriction and hump film front flow down along the stream direction. As can be seen from Fig. 4(b) , the film front is more instable for higher aerodynamic force. On the other hand, under higher free stream velocity condition, initial tiny rivulets will slow down and merge with coming rivulets (Fig. 5(a) and Fig 5(b) ). After the rivulets grow large enough, they accelerate again and the oncoming impinging water flow into the rivulets path. There is uniform film front generated. The rivulet width might depend on the acceleration rivulet thickness. Evaluation of rivulet formation models on airfoil surface Thompson and Jang (1996) and Tompson and Marrochello (1999) introduced a rivulet formation model which simply considered rivulet formed when air shear stress equal the water surface tension restraining force. According to Thompson's paper, rivulet formation occurs at the location where
, is the local skin friction coefficient, σ is the liquid surface tension, θ is the liquid-solid contact angle. Thompson's model is based on the steady state theoretical analysis of rivulet formation. As discussed in the above paragraphs, the rivulet formation on the airfoil surface is a time-dependent process. For wind speed U  =10m/s and U  =15m/s, before the hump film front break into rivulets, the hump is getting thicker and surface wave occurs due to the block of film front. Figure 6 shows the film front break point at wind speed 10m/s and 15m/s. The left column of Fig. 6 shows the film/rivulet thickness distribution at the film flow break point. The right column of Fig. 6 displays the film thickness profile at the breaking point along streamwise direction. Figure 6 revealed that rivulet formation is highly influenced by water surface waves under low wind speed condition. The wave crest thickness is approach 0.9mm which is 15% of maximum airfoil thickness. As a result the air pressure force on the backside of the water wave is considerable strong. The sum of the pressure force and shear stress surpass the surface tension restraining force and causes the rivulet front flow downstream. For higher wind speed conditions, rivulets front formed shortly after the beginning of impinging. The liquid contact line between the rivulets still moved downstream after main rivulets front formed. The final steady water contact line between rivulets displays wedge shape. Film flow converts to the rivulets follow the wedge edge. The vector direction of the sum of surface pressure force, shear stress and surface tension must be along the wedge edge as well. Instead of steady 2D analysis, 3D theory is needed to determine the stable water contact line and forecast rivulet configuration. Al-Khalil presented a rivulet model base on three criterions: mass flow rate of film and rivulet is equal, energy of film flow and rivulet is equal, rivulet energy is minimum with respect to the steady rivulets configuration (Al-Khalil et al., 1990) . The three criterions are modeled by the following equations in Al-Khalil's paper:
Where F is the wetness factor and λ is the ratio of rivulet width to wetness factor. Wetness factor F is defined as the fraction of the surface that is wetted by runback flow at a particular downstream location. By applying those three criterions, Khalil introduced a critical dimensionless film thickness 6 ⁄ ⁄ . Where is dimensional local film thickness, τ is shear stress.
is the minimum dimensionless thickness of an unbroken, stable film. AlKhalis's model considers the film thickness near leading edge of airfoil is thinner than the critical film thickness. Within the impinging limit, spray water force to wet the whole surface of airfoil. Rivulet immediately forms right behind the impinging limit. However, seen from Fig. 6(a) , the hump film front is the thickest area of the whole film and film flow region definitely exceed the impinging limit (< 20%c). For higher wind speed, the formation of initial rivulets influences the stable rivulet configuration. In steady of impinging droplets wet the surface, the film-rivulet connection line moving down stream due to the blowing of air flow. Al-Khalis did not considering of the dynamic balance of shear stress, surface pressure and surface tension at the stable contact line. The formation of rivulets is a time-dependent process as well. As a result, the steady state rivulets are not necessary to evolve to minimum energy status.
Average surface water distribution and steady state scaling law of water layer on airfoil
Time average rivulet/film thickness distributions are shown in Fig. 7 . The time average thickness is calculated by 500 measurements after the steady wetted area formed. It is displayed clearly that, as wind speed increase, film/rivulet thickness, leading edge film length, the spacing between rivulets and rivulets' width are all decrease. The leading edge film lengths are changing from 40% chord to 20% chord corresponding to wind velocity changing from 10m/s to 30m/s. To elucidate the tendency of surface water distribution along chordwise direction, average surface water thicknesses at the centerline of rivulets are plotted in right column of Fig. 7 . Rivulets near the center of measurement windows are selected to extract the data and the data extraction lines are parallel with chord line. Because of the imperfect thin rivulet boundary and the limitation of measurement spatial resolution, the data extraction line cannot stay in the center of the selected rivulet. As a result, the thickness profile of cases U  =25m/s and U  =30m/s are different with other cases. Shown in Fig. 7 , the surface water thickness keeps increasing along the chord length of the airfoil for all the wind velocities. Because of surface tension effect, a sharp increasing of water thickness was detected near the trailing edge. The leading edge film thickness is changing from 150 to 10 µm as the wind speed increase. From wind speed 10m/s to 25m/s, The average rivulets' width at streamwise location x=60mm (60%c) are 18.5mm, 11.2mm, 5.6mm, 3.3mm respectively. It is interesting that the wetted factor ( F=50%) is the almost the same for wind speed 15m/s, 20m/s and 25m/s. Due to the limitation of measurement spatial resolution (1.1×1.1mm), the average rivulets' width under the condition 30 / is not accurate , we establish the width is around 2mm. Nelson presented a non-similar boundary layer theory for water film flow in flat plate driven by laminar airflow (Nelson et al., 1995) . Nelson assumed the velocity profile within the water film is linear. Using two boundary conditions: (i) Flow rate of film is constant, (ii) Shear stress at the water-air interface is continuous, Nelson derived that film thickness is proportional to x 1/4 , where x denotes the distance away from the flat plate leading edge. Tsao et al. (1997) and Ueno & Farzaneh (2011) got the same scaling law using similar but different methods. In Ueno & Farzaneh (2011) , thin water film flow over flat surface was modeled. Water is supplied at the leading edge of flat plate with a constant flow rate. Ueno made the following approximations: (i). airflow and water flow are both laminar flows. (ii). The velocity profile within the water film is linear, in the other word; film flow is dominated by viscous effect and neglect inertia force. (iii). The obtained film thickness is steady stage value. The influence of presence of surface wave is ignored. (iv). The only water supply is modeled at the leading edge of flat plate, no spray droplet impinging was considered.
Then, Blasius's equation was used to model the undisturbed laminar air flow. For water film, Ueno assumed the following scaling: h C x , u C x . Where u denotes the water-air interface horizontal velocity. The constants, , , a and b, are determined from the two boundary conditions. First, the volumetric water flow rate per width is constant:
Where / is the unit width film flow rate, * , * is normalized interfacial velocity and thickness. Second, the horizontal shear stress at interface is continuous:
Where , is the viscosity of water and air, is the normalized stream function, is a constant. From equation (6), 1/2 . / is constant along streamwise direction, form Equation (5), 0 . Consequently, 1 4 ⁄ , 3 4. ⁄ , are also determined by equation (5), (6). The relationship between film thickness and film flow rate, wind speed, distance away from leading edge is express as:
Feo (2001) and Anderson & Feo (2002) measured water film thickness on a stagnation-point probe surface in INTA 2.8×1.7m wind tunnel. The geometry of stagnation-point probe is a cylindrical shape with diameter d=120mm. Single air-atomizing nozzle was installed in the open test section to generate water spray. However, three type of spray nozzles SUJ 12A, SUJ12, SUJ22B were used. Those nozzles were operated under different water and air pressure to obtain desired LWC and MVD. The test was reported cover the LWC range 3~14 g/m 3 , MVD from 15-160µm, free stream velocity 20~55 m/s. All of the tests were performed at ambient temperature. The experiment results were plotted in Fig. 8 . By doing correlation of the measured film thickness, Feo (2001) suggested that the film thickness has a Liquid Water Content and Reynolds number scaling:
Figure 8. Feo's (2001) 
film thickness correlation
This scaling law is verified analytically by Rothmayer (Rothmayer, 2003) . Rothmayer assumed that the droplets impact uniformly and continuously on the surface of the stagnation probe. The ultimate equilibrium film thickness is determined from a balance between the water mass that was added to the film due to spray droplets impact and the mass that transported by the film to the side wall of the probe. The rate of mass added to the surface element with streamwise arc length ds is proportional to LWC*ds. The mass flux within the film is modeled as . Equating the above two mass flux gives:
Where is water density, denotes average streamwise direction velocity within film flow, A is the cross section area of the film flow.
The average streamwise direction velocity within film flow is determined by the shear stress balance in the interface of water and air. For shallow water surface, the streamwise stress balance at air-water interface is given by (Rothmayer and Tsao, 2001) : (10) Where M denotes the water to air viscous ratio which is a constant for current work. Suppose the velocity profile in the film is linear, then . Near the bottom of boundary 
Although equation (11) is used to compare with Feo's experimental film thickness on point-stagnation probe. It is not limited by the model shape. Furthermore, the scaling analysis is also not limited by the range where the impinging water mass rate equals the water mass flux within film. For film flow over airfoil surface beyond impinging limit, the water mass flux is coming from the mass flow rate generated by the collected spray droplets within the impinging limit. The ultimate water mass flux balance can be rewrite as:
Where denotes the airfoil arc length within impinging limit, β denotes the average collection efficiency.
and β can be consider as constant under specific conditions (i.e. MVD, LWC, free stream velocity, temperature are fixed). By doing the same analysis, equation (11) still works for film flow propagates range.
Actually, we find that Ueno's work confirms with Feo's scaling law. Suppose that the LWC distribution is uniform within the whole test section, then the LWC is proportional to ⁄ , unit width film flow rate ⁄ should proportional to , where denotes spray water flow rate. Substitute those two relations into equation (11), we have
This formula is generally the same as equation (7) except lack / item. The derivation of the two scaling law are similar, the discrepancy is due to the different expressions for air streamwise shear stress.
For the current work, the spray water flow rate is fixed. The unit width film flow rate is the same under different wind speed conditions. Figure 9 plots the film thickness versus the ¼ power of wrap distance s within film flow range. Wrap distance s defines as the arc length that starts from the stagnation point. Seen from Fig. 9 , the leading edge film thickness is 10-100µm. Whereas, the estimated laminar boundary layer thickness based on the chord length of airfoil is 1-2mm. Film thickness is only a small fraction (5%) of the boundary layer thickness. The Couette flow approximation within the film is reasonable. The global profiles in the film flow region exhibit exponent growing trend. However, the film thickness profiles are generally linear curve when the wrap distance s (ii) The leading edge of NACA 0012 airfoil is a curvature shape. Flat plate analysis result is comparable with airfoil shape when the radian of airfoil surface is small. (iii) Note that the film thickness at the range s<13mm is less than 15 µm. Cross correlation generally has sub-pixel accuracy, corresponding to 20 micrometers measurement uncertainty. Additional, the project light ray may enter into the liquid and cause diffusion effect. Measurement error caused by this diffusion effect is still not clear. The inconsistency between current measurement and Nelson's theory may cause by the measurement error.
Film thickness at streamwise location x=16, 18, 20, 22mm (16%-22%c) under different wind speed conditions were plotted in Fig. 10(a) . The film flow at that range is far away from the direct impinging range, so the film flow propagates downstream. Additional, the radian of the airfoil surface is small as well. The experimental film thickness is comparable with Ueno's analysis. Shown in the Fig. 10(a) , film thickness profiles are similar. Film thickness monotonously decreases with free stream velocity except for U  =15m/s whose film thickness is almost the same as film thickness of wind speed condition U  =20m/s. This odd thickness might be caused by the influence of surface waves at the water-air interface. Due to our previous experimental study on the wind-driven film flow, nonlinear surface waves with wave height higher than the average film thickness were observed under free stream velocity condition 15 / (Zhang et. al., 2013) . However, for free stream velocity 10 / , no surface waves were observed. For free stream velocity 20 / , shallow wave height surface waves were detected. Although, the wave pattern is also influenced by the water flow rate, due to our observation, higher crest height nonlinear wave is much more likely to generate under small water flow rate. We can predict that kind of nonlinear wave happened for free stream velocity 15 / . However, for the free stream velocity larger or smaller than 15m/s, either moderate interfacial wave or no interfacial wave occurred in the film flow surface. Film flow with nonlinear wave is highly transient flow, the steady linear velocity profile approximation within film cease to valid. Additional, the interfacial wave increase the mass flux within the film as well (Rothmayer and Tsao, 2000) , as a result, film thickness decreases under condition 15 / .
In order to evaluate the / law, point x=20mm (20%c) was selected to compare the measurement and predicted by scale law (Fig. 10(b) ). The scaling law predicted is calculated by | 10 ⁄ | . Where α is scale parameter (e.g., 0.75 . As the icing tunnel does not have honeycomb and screen structure, the airflow turbulence intensity is relative higher. As discussed above, continuity shear stress condition is used in Ueno's derivation which leads to ~ / , where is the skin fraction. In laminar flow, skin fraction τ is proportional to / , as a result, ~ / . For the current study, the Reynolds number is range from 6.7×10 4 to 2.0×10 5 . As described in Schlichting (1960) , for turbulence flows in this Reynolds number range, the velocity profile within the boundary layer is 1/7 power law. The semiempirical expression of skin fraction coefficient of flat plate is:
Then, skin fraction is proportional to / , so as ~ / . We plot scaling parameter α=-0.75 and α=-9/10 to exhibit the turbulence effect.
In Fig. 10(b) , for 20 / , both the -3/4 and -9/10 scaling film thickness is close to the measurement value. It proves that the thin film flow will not significantly influence the air boundary. The measurement is thinner than the forecasted by the -3/4 scaling and -9/10 scaling is closer to the measurement result. The experimental film thickness is more consistent with turbulence scaling law analysis. Inconsistency happed for =15m/s, as we discussed above, interfacial wave with deep wave height might generate on the film surface, which invalids the Couette flow approximation. As a result, the scaling analysis no longer works. 
CONCLUSIONS
An experimental study was conducted to achieve water film/rivulets flow thickness measurements on a NACA0012 airfoil surface at five different wind speeds by using a digital image projection (DIP) system. The whole process of surface water film/rivulet flow was well revealed from the timeresolved film/rivulet thickness distribution measurements. The formation of rivulets highly relies on the initial flow structure. Film thickness scaling law is evaluated by the time-average film thickness profile. The conclusion derived from the experiments can be summarized as follows:
 At the initial stage of the impingement of the water droplets, impinging water tends to generate tiny rivulets near the stagnation line of airfoil. For the case with relatively low wind speed at = 10m/s and 15m/s, those tiny rivulets will stagnate and impinging water accumulate near the rivulets station line. A hump shape film front forms and run back slowly. Finally the film front breaks into rivulets. For the cases with relatively high wind speed (i.e.,  20 m/s), the initial tiny rivulets slow down and merge with following generated rivulets. The oncoming surface water flows tend to be transported only through formed rivulet paths. For all of wind speed, after the rivulets begin to shred from the trailing edge of the airfoil, the wetted area on the airfoil was found to be almost stable and does not change any more.
 The rivulet formation procedure is found to be a time dependent process. The steady state rivulet configuration is influenced by the rivulets formed at the initial spray stage. Surface wave behavior is the primary incentive effect of rivulet formation when hump film front appears.
 Time-averaged surface water thickness distributions were determined after the water transport paths become stable. The measurement results illustrate that, the chordwise length of the water film near the airfoil leading edge, the spanwise spacing between the water rivulets and the width of each rivulet were all found to be decrease monotonically with the increasing oncoming wind speed.
 The propagation part of leading edge uniform film thickness is proportional to s 1/4 and / .
